We have quantified the ultrastructure of myocardial cells in tissue samples obtained from six adult normal Yucatan swine, tissue samples were obtained from 20 different sites in the left ventricle, right ventricle, and interventricular septum. The samples were processed for electron microscopy and quantitative morphometric analysis. The percent relative volumes of myoflbrils, mitochondria, transverse tubular system, sarcoplasmic reticulum, and clear intracellular space were determined using stereologic&l morphometric methods. Overall, the data were distributed homogenously among the 20 individual sites. However, when certain eubcellular components were examined regionally, some differences appeared. The mitochondrial:myofibril volume ratios were significantly increased in the left ventricle and interventricular septum compared to the right ventricle. They also were greater in the endocardial region compared to the epicardium, which is consistent with higher metabolic activity of these zones. Similarly, the sarcoplasmic reticulum :myofibril ratio was greater in the endocardial region vs. the epicardial region and the basal layer compared to the mid-layer, suggesting the greater need for provision of calcium ions in these particular cones. Since the swine is a convenient large animal fur physiological studies, these results indicate that swine can also be used for quantitative morphometric measurements of myocardial changes in normal and pathologic hearts, and for the study of regional changes in various layers and regions of heart walls. Circ Res 49: [434][435][436][437][438][439][440][441] 1981 
MANY experimental models of cardiac hypertrophy have been used to describe the different functional, structural, and biochemical alterations that occur during the development of hypertrophy and failure in the heart. We nave used swine as a model of cardiac hypertrophy (White et al., 1979) since its response to exercise stress is similar to that in humans. Also, the swine has a coronary artery distribution similar to that of the normal human (Lumb and Hardy, 1963) , a limited coronary collateral circulation (Blumgart et al., 1950) , and a similar ratio of heart weight to body weight to that of man (Schaper, 1971) . Therefore it is an appropriate model for comparison to man (Blumgart et al., 1950; Lumb andSingletary, 1961; 1962; Lumb and Hardy, 1963; Kong et al., 1969) . However quantitative ultrastructural studies of the normal and hypertrophic heart have been conducted mainly in smaller species, e.g., rats (Page et al., 1971; Anversa et al., 1976 Anversa et al., , 1978 Legato, 1976; Wendt-Gallitelli and Jacob, 1977; McCallister et al., 1979; Tomanek et al., 1979) , rabbits (Anversa et al., 1971; Goldstein et al., 1974) , hamsters (Colgan et al., 1978) , cats (Sheridan et al., 1977) , and ferrets (Breisch et aL, 1980) . Although ultrastructural studies have been conducted on the hearts of dogs (Vitali-Mazza and Anversa, 1972; Winkler et al., 1977; McCallister et al., 1978; Legato, 1979) , it was not known whether the percentages of cell volume of ultrastructural components were uniform throughout the ventricular wall in large animal species to permit their use as appropriate models for such studies. Also the coronary artery distribution and collateral circulation of the dog heart differ from those of humans (Blumgart et al., 1950; Schaper, 1971 ). Thus we undertook the present study to quantify the ultrastructural components of the swine myocardium to determine whether the swine could serve as a model for structure-function correlative studies of cardiac hypertrophy and failure.
Methods

Animal Preparation and Sampling
We studied adult, normal, Yucatan swine whose body weights averaged 45 kg. Six animals were selected for thoracotomy which was performed under halothane anesthesia and oxygen administration with a Mark 4 respirator (Bird). The chest was opened at the 4th intercostal space. A saturated solution of KC1 was injected into the left atrium to arrest the heart. The heart was excised and the coronary arteries were perfused immediately with 3% buffered glutaraldehyde solution in 0.1 M sodium cacodylate buffer, pH 7.2-7.4, at 100 mm Hg pressure. During perfusion, the heart was immersed in the glutaraldehyde solution and the fixation was continued for 30 minutes. The left atrium, great vessels, valves, surface vessels, and epicardial fat were removed. After fixation tissue samples, about 0.5 cm 3 , were cut from sub-epicardial and sub-endocardial regions. Twelve samples were obtained from the left ventricle. These were obtained from the lateral and posterior walls, the apex, base, and B FIGURE 1 A: Electromicrograph of portions of myocardial cells overlayed with a transparent grid 1 cm/side. 25, (XK)x. B: Electromicrograph showing longitudinal view of myocardial cells. 25, 000x. midway between the apex and base. Four samples came from the interventricular septum, near its base and midway between base and apex. Four samples also were obtained from the right ventricle, at the base and midway between the base and apex. In all, 20 tissue samples were obtained from the left and right ventricles and the interventricular septum from each heart. These samples were transferred immediately to glutaraldehyde fixing solution. These blocks were further cut into 1 X 3 mm strips, taking care that they did not dry. The strips were stored in buffered glutaraldehyde solution at 4°C overnight. The strips were cut along the long axis of the fibers.
Electron Microscopy
The tissue strips were washed three times with 0.1 M sodium cacodylate buffer, pH 7.2-7.4 and postfixed at 4°C with 2% buffered osmium tetroxide in 0.1 M sodium cacodylate, pH 7.2-7.4. A further cycle of washings with the buffer was followed by dehydration with graded concentrations of 35, 50, 70, 95, and 100% acetone. For each acetone solution there were two changes of solution, except for 100% acetone, in which case three changes were done. Each dehydration change was for 10 minutes. Infiltration was done in a mixture consisting of 50% anhydrous acetone and 50% araldite for 4-8 hours. Further infiltration was done in 100% araldite, overnight. For embedding we used flat molds and araldite resin. The composition of the resin was: araldite 502, 30 ml; dodecenylsuccinic anhydride, (DDSA), 20 ml; tri-(dimethylaminomethyl) -phenol (DMP-30), 1 ml (Pelco). Polymerization was done at 60°C for 2-3 days.
Sections 1 jim thick were cut with glass knives and stained with toluidine blue. These were examined by light microscopy for suitability and orientation. Thin sections, showing silver or grey interference colors were cut with diamond knives (DuPont) on a LKB III ultratome. These sections were mounted on 200 and 300 mesh copper grids, stained with saturated uranyl acetate solution in 50% ethanol for 15 minutes, and then stained in Reynolds lead citrate solution for 2 minutes. Electron microscopy was done on a Zeiss 10A electron microscope. Periodically, the magnification was checked with a Fullam carbon grating replica with crossed 21,600 lines/cm. Electronmicrographs were obtained at a magnification of 10,000 and printed on high contrast Kodabromide papers F4 and F5 (20.3 cm x 25.4 cm) to a final magnification of 25,000. Contiguous areas from sections were photographed. Usually it was possible to obtain five photographs from the same section. Twenty electron micrographs were obtained from each site.
Stereological Technique
We used only photographs of cross-sections in our study. The percent volume fractions of various subcellular components were measured by the stereological technique of point counting (Weibel et al., 1966; Weibel and Elias, 1967; Sitte, 1967; Underwood, 1970; Elias et al., 1971) . A transparent sheet (20.3 cm x 25.4 cm) with a square grid (1 cm/side) photographically imprinted on it was used for mea- VOL. 49, No. 2, AUGUST 1981 
A. 21.9 ± 0 . 8 21.2 ± 0.8 21.6 ± 0.7 22.5 ± 0.8 23.9 ± 0.8 20.0 ± 1.0 23.6 ± 0.9 22.5 ± 0.6 22.0 ± 0.8 26. = epicardium region en = endocardium region mid = the layer midway between apex and base and thus the term has been applied to both the epicardium and endocardium in the left and right ventricles and the interventricular septum T-system = transverse tubular system SR -sarcoplaamic reticulum (both the smooth and rough) including the junctions with T-system ICS -clear intracellular space devoid of any structure as seen in the electron micrographs The abbreviations used for 20 sites of the myocardium from where the tissue samples were obtained are: suring the volumes of all the components except for the sarcoplasmic reticulum ( Fig. 1 ). For these measurements we used a square grid of 0.32 cm/side. We excluded nuclei, perinuclear regions, and extracellular spaces from the point counting. About 20 photographs were counted from each site. For point counting, we used an electronic digitizer (Graf Pen-3) interfaced with a Hewlett-Packard 9825A desktop calculator and a H-P 2631A printer. The fraction of the cytoplasmic volume occuppied by a subcellular component was calculated from the relation V/V = Pi/P, where P, is the number of points falling on a component i, and P is the total number of points in the cellular region counted, and V, and V are volumes of the subcellular component i and cytoplasmic volume, respectively.
We measured the volume fractions for myofibrils, mitochondria, transverse tubular system (T-system), sarcoplasmk reticulum (SR), and the clear intracellular space (ICS) in the sarcoplasm which lack any type of structure. The rest of the cytoplasmic volume was occupied by the remaining subcellular components.
Statistical Analysis
We compared the subcellular components of the 20 different sites listed in Table 1 , to determine their homogeneity within these myocardial sites, using x 2 analysis according to the method of Rao (1973) . We calculated the propagation of errors from the relation a M 2 = Scr, 2 in the case of sums and differences and from the relation (a u /u) 2 = 2(o,/ JU,) 2 in the case of simple products and quotients. The n and a^ are the mean value and the standard deviation, respectively, of the result calculated from the individual mean values ju.'s and their standard deviations o,'s. When values from any two specific regions were compared in the other tables, we used the Student t-test (Snedecor and Cochran, 1966) . Table 1 presents the relative volumes of the subcellular components in the left ventricle, right ventricle, and interventricular septum. The values reported are fractions of the cytoplasmic volume occupied by myofibrils, mitochondria, transverse tubular system (T-system), sarcoplasmic reticulum (SR), and clear intracellular space (ICS). The remaining cytoplasmic volume, 4 73 ± 0.01%, is occupied by the other cellular organelles.
Results
Myofibril volumes averaged 66.3 ± 0.3% (range 60-71%) of the cytoplasmic volume. Mitochondria! volumes averaged 21.9 ± 0.2% (range 20-26%). The mean volume of the T-system was 1.63 ± 0.04% (range 0.9-2.5%). The sarcoplasmic reticulum volume averaged 2.28 ± 0.04% (range 1.5-2.9%) and the clear intracellular space averaged 3.16 ± 0.12% (range 1.6-6.3%). x 2 analysis showed that the data obtained from the 20 different sites in the left and right ventricles and interventricular septum, were homogeneous.
Mean Relative Volumes in Left Ventricle, Right Ventricle, and Interventricular Septum
Table 2 presents the mean values of the relative volumes of the subcellular components in the left ventricle, right ventricle, and interventricular septum, respectively. Although myofibrillar volumes are similar in the left ventricle and interventricular septum, they are significantly (P < 0.05) increased in the right ventricle. Conversely, mitochondrial volume is significantly (P < 0.05) decreased in the right ventricle reflecting its lesser workload. Both the T-system and SR relative volumes are similar in these three walls. Table 3 compares the mean values of the relative volumes of subcellular components in different layers of the left ventricle, right ventricle, and interventricular septum. The apical layer comprised solely left ventricle. Within the left ventricle, myofibrillar volume was greater (P < 0.05) in the midlayer. However, in the right ventricle and interventricular septum, there were no significant differences between the mid and basal layers for myofibrillar and mitochondrial volumes. When the mid and basal layers of the entire heart were grouped, there were no significant differences between the layers with respect to relative volumes of myofibrils and mitochondria. Table 3 compares the mean values of the relative volumes of subcellular components in the endocardial and epicardial regions of the left ventricle, right ventricle, interventricular septum, and the entire heart. The right half of the interventricular septum was considered epicardial in nature, whereas the left half was classified as endocardial (Bishop, 1976) . Within the left ventricle itself, no significant differences can be seen between the epicardial and endocardial regions as regards various organelles, except for the T-system. The epicardial region of the right ventricle has a higher volume of myofibrils (P < 0.05) and lower volume of sarcoplasmic reticulum (P < 0.05) compared to the endocardial region. Epicardial and endocardial regions of the septa! wall show significant differences in the myofibrillar, T-system, and sarcoplasmic reticulum volumes.
Mean Relative Volumes in Apical, Mid, and Basal Layers of Left Ventricle, Right Ventricle, Interventricular Septum, and Whole Heart
Mean Relative Volumes in Endocardial and Epicardial Regions of the Left Ventricle, Right Ventricle, Interventricular System and Whole Heart
When the samples of endo-and epicardial regions were grouped for the entire heart, the endocardium had a reduced myofibrillar volume and an increased mitochondrial volume.
From these analyses, the following features are noticeable. The epicardium, in the whole heart and in individual regions, e.g., left ventricle, right ventricle, and interventricular septum, has a higher myofibrillar volume content than the endocardium. Mitochondrial volumes are changed conversely, i.e., they are less in the epicardium than in the endocardium. The right ventricle has the highest volume of myofibrils, compared to the left ventricle and interventricular septum. Chi square analysis showed homogeneity of the relative volumes of subcellular components at 20 different sites throughout the heart wall.
Ratio of the Volumes of the Mitochondria, T-System, and SR to the Volume of Myofibrils
We determined the ratios of the relative volumes of mitochondria, transverse tubular system, and sarcoplasmic reticulum to the relative volumes of myofibrils. These ratios for the left ventricle, right ventricle, and interventricular septum are presented in Table 2 . The mitochondrial:myofibrillar ratio is significantly (P < 0.05) greater in the left ventricle than in the right ventricle (Table 2) . This ratio is also significantly (P < 0.05) increased in the endocardial region compared to the epicardial region in the right ventricle and entire heart ( Table  4 ). The other significant changes observed were the greater SR:myofibril ratio in the basal layer compared to the mid-layer of both ventricles and the entire heart (Table 4 ). Other significant differences are given in Table 4 .
Discussion
This quantitative study of subcellular components in 20 different sites of the entire heart of a large animal model (swine) demonstrates homogeneity of the relative volumes of myofibrils, mitochondria, T-system, saracoplasmic reticulum, and clear intracellular space.
In recent years, several studies reported quantitative determinations of ultrastructural components of the myocardial cell in hypertrophy, ischemia, and normal postnatal growth. However, most of these studies were done in small animal species, e.g., rat, and only a few reports on rabbit, dog, and cat have appeared in the literature (Table  5 ). There is no general agreement among various authors regarding the relative volumes of the subcellular components even in the same species in normal animals. The rat, because of its easy availability as an animal model, has been used by several Bossen et al., 1978 Tate and Herbener, 1976 Anversa et al., 1976 Anversa et al., 1978 Datta and Silver, 1975 David et al, 1979 Hatt et al, 1978 Hirakow and Tadeshi, 1975 Imamma, 1978 Kamamura et al., 1976 Laguens, 1971 Laguens and Gomez-Dunn, 1967 Legato, 1976 Lund and Tomanek, 1978 Malletal., 1977 Mall et al., 1980 McCallister et al , 1979 Pageetal., 1971 Page et al., 1972 Page et al., 1974 Page and McCallister, 1973 Pager, 1971 Reith and Fuchs, 1973 Tomanek et al., 1979 Colgan et al., 1978 Lazarus et al., 1976 Anversa et al., 1971 Goldstein et al., 1974 Malletal, 1977 Shendan et al., 1977 Legato, 1976 Legato, 1979 McCallister et al., 1976 Vitah-Mazza and Anversa, 1972 All values axe mean ± HEM unless otherwise indicated. See glossary for abbreviations. ' Smooth endoplasmic reticulum. | Errors are SD authors for stereological studies. The results differ widely. Myofibrils have been shown to occupy cellular volumes as low as 42% (Reith and Fuchs, 1973) to as high as 63% (Lund and Tomanek, 1978; Tomanek et al., 1979) with several intermediate values.
In mice, the values range from 43 to 54%; in hamsters, the two values reported are 37.3 and 45.9%; in cats, the only value reported is 47.8%; in rabbits, two reported values are 59.9% (Anversa et al., 1971) and 62.63% (Mall et al., 1977) ; in dogs, the range is from 54.0% (McCallister et ah, 1978) to 63.3% (Legato, 1979) . Mitochondrial volumes also show a wide range from 25 to 40% in rats, from 28 to 32% in hamsters, from 20 to 34% in rabbits, 22% for cats, and between 23 to 31% for dogs. T-system volumes show a range of 0.7 to 2.3% and volumes for sarcoplasmic reticulum range from 0.4 to 4.9% in all animals. In our study of swine, myofibrils occupy 66.3 ± 0.3%, mitochondria 21.9 ± 0.2%, T-system 1.63 ± 0.04, and SR 2.28 ± 0.04% of the cytoplasmic volume in the entire heart, whereas if we consider the left ventricle only, the respective volumes of myofibrils and mitochondria are 65.9 ± 0.03 and 22.2 ± 0.2 (Table 2) . Our values for myofibrils are higher and for mitochondria lower than in the other animals (Table 5 ). However, our values for T-system and sarcoplasmic reticulum volumes are similar to the values for other animals. VOL.49, No. 2, AUGUST 1981 We observe interspecies dsifferences in the volumes of myofibrils and mitochondria (Table 5) . Myofibrillar volumes increase, whereas mitochondrial volumes decrease, as animal size increases. This may reflect lower heart rates and metabolic rates of the larger species.
Intraspecies differences can result from the differences in stereological techniques used, such as angles at which sections are cut (Loud, 1967; Mall et al, 1977) , the magnification of electron micrographs (Keller et al., 1975) , the methodology for fixation, preparation of the tissues, and the age of the animals (Legato, 1979) .
The ratios of mitochondria: myofibrils, of the left ventricle, and interventricular septum are similar and significantly greater than the ratios measured in the right ventricle. These higher values for the left ventricle indicate its greater workload and higher rate of oxidation compared to the right ventricle (Weiss et al., 1978) . The greater values of mitochondria: myofibril volume ratios in the endocardium compared to epicardium also is compatible with its greater rate of oxidation metabolism secondary to its greater wall stress (Streeter, 1970) . The T-system/myofibril volume ratios are similar in the different layers and regions of the heart. However, some significant differences are noted in the SR: myofibril volume ratios between certain zones. This ratio is significantly greater in the basal layer of the heart and is greater in the endocardium when compared with the epicardial regions. In general, the zones that show an increase in SR: myofibril volume ratios are the ones that have an increased mitochondria:myofibril volume ratio.
Since the swine has coronary artery anatomy like that of the normal human and a limited coronary collateral circulation (Blumgart et al., 1950) and a ratio of heart weight to body weight similar to that observed in humans (Schaper, 1971) , we designed this study to determine the quantitative ultrastructure of the myocardial cell. The percent relative volumes of myofibrils, mitochondria, transverse tubular system, sarcoplasmic reticulum, and clear intracellular space were determined by stereological techniques. The results shown a homogeneous distribution of relative volumes of subcellular components with some significant increases in mitochondrial: myofibril ratios in regions that are known to have higher metabolic activity. The results also show that the swine, a large animal that is a convenient model for physiological studies, can serve as an appropriate model for quantitative ultrastructural studies of the myocardium in normal and pathological states, and for the study of regional changes in various layers and regions of the heart walls.
